ABSTRACT: This paper describes the reinforcing effects of multiple layers of geocell in combination with rubber-soil mixture layers in sand, and compares their behaviour with that of the multilayered geocell reinforcement alone, using plate loading at a diameter of 300 mm. The plate load tests were performed in an outdoor test pit, dug in natural ground measuring 2000 3 2000 mm in plan and 700 mm in depth. The geocell used in the tests was non-perforated with pocket size 110 3 110 mm 2 and height 100 mm, fabricated from continuous polypropylene filaments as a nonwoven geotextile. The optimum embedded depth of the first layer of geocell and the vertical spacing of geocell layers were found to be approximately 0.2 times the footing diameter, and the optimum percentage of rubber replacement was found to be around 8% by weight of the soil mixture. Both bearing capacity increase and settlement reduction were highest when multiple layers of geocell and rubber reinforcement were used. Results show that the reinforcements' efficiency decreased as the number of reinforcement layers increased, particularly at low settlement ratios. Higher bearing capacity and lower settlement were achieved by replacing the layers beneath the geocell layers with the rubber-soil mixture. At a ratio of settlement to plate diameter of 2%, the values of bearing pressure were in the ratio 1:2.3:3 for, respectively, the unreinforced installation, the installation with three layers of geocell, and the installation with three layers of geocell and rubber-soil between the layers. The inclusion of the geocell layers reduces the vertical stress transferred down through the foundation bed by distributing the load over a wider area. For example, at the pressure of 550 kPa applied on the soil surface, the transferred pressure at the depth of 510 mm is about 48%, 34% and 27% for the reinforced bed with one, two and three layers of geocell, respectively, compared with the stress in the unreinforced bed. Furthermore, use of the combination of geocell and rubber-soil mixture layers is more effective than use of geocell layers only in reducing the stress transferred downwards. For example, 350 mm beneath a soil surface that carries a stress of 830 kPa, the vertical stress is 15% less when two geocell layers are combined with two rubber-soil mixture layers than when there are only two geocell layers.
INTRODUCTION
In recent decades, geosynthetic inclusions in the form of two-dimensional reinforcement (e.g. geotextile and geogrid) and three-dimensional reinforcement (e.g. geocell) have been widely utilised in geotechnical engineering applications for, for example, road construction layers, stable embankments, slope and earth stabilisation and construction of footings over soft soil (e.g. Collin et al. 1996; Perkins and Ismeik 1997; Raymond 2002; Hufenus et al. 2006; Kim et al. 2006; El Sawwaf 2007; Alamshahi and Hataf 2009; Bathurst et al. 2009; Moghaddas Tafreshi and Dawson 2010a; Boushehrian et al. 2011; Madhavi Latha 2011; Moghaddas Tafreshi et al. 2011; Leshchinsky and Ling 2013 ). An important possible use of such reinforcements would be to improve the bearing capacity and settlement of footings. With this in mind, researchers have undertaken many studies in recent years to investigate how best to arrange the inclusions so as to deliver effective reinforcement (Dash et al. 2003 Madhavi Latha and Murthy 2007; Madhavi Latha and Rajagopal 2007; Sitharam et al. 2007; Chen and Chiu 2008; Zhou and Wen 2008; Madhavi Latha and Somwanshi 2009a, 2009b; Sadoglu et al. 2009; Sharma et al. 2009; Sireesh et al. 2009; Wesseloo et al. 2009; Choudhary et al. 2010; Lovisa et al. 2010; Moghaddas Tafreshi and Dawson 2010b; Pokharel et al. 2010; Zhang et al. 2010; Lambert et al. 2011; Kumar and Kaur 2012; Tavakoli Mehrjardi et al. 2012; Thakur et al. 2012; Yang et al. 2012) . Tanyu et al. (2013) carried out a series of laboratory-scale model tests on a rigid circular steel footing 150 mm in diameter and 30 mm thick, supported by geocell-reinforced sand layers overlying a clay bed that contained a continuous circular void. The geocells were formed using a biaxial geogrid, having square aperture openings of size 35 3 35 mm, made of oriented polymers. Substantial improvement in performance was obtained by the provision of a geocell mattress of adequate size, specifically when the geocell mattress spread beyond the void a distance at least equal to the diameter of the void. Thakur et al. (2012) investigated the performance of single geocell-reinforced recycled asphalt pavement (RAP) bases to reduce the deformation of loading plate under cyclic loading using a rigid steel plate 300 mm in diameter and 30 mm thick in a large geotechnical test box. They performed a total of four sections: one 0.30 m thick unreinforced section and three geocellreinforced sections of 0.15, 0.23 and 0.30 m thick reinforced RAP base. Their results show that the geocellreinforced RAP bases had much smaller permanent deformations and much smaller vertical stresses at the interface between base and subgrade.
Recent researches have shown that geocell reinforcement can be significantly more effective than a planar geotextile in improving the behaviour of foundation beds under static and repeated loads. Moghaddas Dawson (2010a, 2010b ) investigated, at model scale, the static and repeated load response of installations having a single layer of geocell of different heights in sand beds, comparing this with that of similar installations that contained planar forms of geotextile. They reported that, for the same mass of geotextile material used, the geocell reinforcement system is both stiffer and more effective than the system with planar reinforcement, in respect of both footing bearing pressure and settlement. They attributed this to the superior confinement offered by the geocells in all directions, observing that there was even a noticeable zone of influence beyond the cell height. Moreover, the three-dimensional geometry allows the sand in the cells to develop a passive resistance that increases the sand's bearing capacity and decreases the settlement of the foundation bed.
Geosynthetic inclusions will be most effective if used in the zone significantly stressed by the footing -which may be over a depth of one or two diameters beneath the footing -that is, over a depth of approximately 0.6-2 m for typical strip footing widths. Since the heights of commercially produced geocells are usually standard and most manufacturers of geocell produce them only at heights less than 200 mm, the use of a 0.6-2 m thick layer of geocell beneath the footing is impossible. Even if it were possible, such a thick geocell layer would likely make compaction of cell-fill extremely difficult (the authors' observation and the result of tests not reported here), probably negating any reinforcement benefit. Hence, the use of several layers of geocell (say, three or four) each with a thickness <200 mm and with vertical spacing between successive layers of geocell is a practical alternative and could be a beneficial means of reinforcing the soil beneath a footing.
In recent years, environmental concerns and a greater willingness to consider unconventional solutions have meant that lightweight materials such as fly ash, granulated, crumbed or shredded tyre rubbers, geofoam and wood fibre are now considered as construction materials (Zhou et al. 2002; Tanyu et al. 2004; Consoli et al. 2009; Ghosh and Dey 2009; Diambra et al. 2010; Edincliler and Ayhan 2010; Lovisa et al. 2010; Tanchaisawat et al. 2010; Falorca and Pinto 2011; .
Hundreds of millions of scrap tyres are generated and accumulated worldwide each year owing to the development of industry and growth in population (WRAP 2007; RMA 2009; RRI 2009) . Their increase makes more difficult and more expensive to dispose of safely without threatening human health and the environment. For instance, stockpiled waste tyres are flammable and prone to fires with toxic fumes, and may then cause a major health hazard for both humans and animals (Attom 2006) .
At the same time, the use of recycled materials, particularly waste tyres mixed or combined with soil, is becoming more popular because of the shortage of natural mineral resources and increasing waste disposal costs. For example, Yoon et al. (2004) presented the benefits of using the sidewalls of waste car tyres as a reinforcing material in sand from laboratory plate load tests. Their results showed that the reinforcement provided by a single planar layer in medium density sand was enough to more than halve the settlement and to increase the bearing capacity more than twofold. Yoon et al. (2008) investigated the reinforcing effects in sand of their 'Tirecell' material, made from treads of waste tyres. They used three layers of Tirecell in a foundation bed. The Tirecellreinforced sand produced higher bearing capacities and lower settlements than in unreinforced sand.
When waste tyres in the form of chipped, shredded and granulated tyre rubbers are mixed with soil the resulting material may behave as reinforced soil, depending on the rubber content and the size of rubber particles (Hataf and Rahimi 2005; Moghaddas Tafreshi and Norouzi 2012; Edincliler and Cagatay 2013) . The results of many differ-ent experiments have shown that rubber-reinforced soil is a composite material that can be advantageously employed in increasing soil strength (Humphrey et al. 1993; Upton and Machan 1993; Edil and Bosscher 1994; Lee et al. 1999; Hataf and Rahimi 2005; Edincliler and Ayhan 2010) . Moghaddas Tafreshi and Norouzi (2012) performed experimental programs to investigate the behaviour of reinforced sand with tyre waste inclusions by means of the standard direct shear test equipment and using large-scale direct shear tests. They found that normal stress, aspect ratio and tyre waste content significantly affected the shear strength of the mixture. Hataf and Rahimi (2005) carried out a series of laboratory model tests to investigate the bearing capacity of a shallow footing directly supported on sand reinforced with randomly distributed tyre shreds (i.e. there was no soil cap over the rubber-soil mixture). Their results indicated that the maximum bearing capacity for their rubber-reinforced soil beds, without considering the settlement limit criterion, was enhanced by a factor of around 3.4 times at a shred content of 40% by volume and with dimensions of 3 cm 3 12 cm (aspect ratio of 4 (height 3 width of tyre shreds). Moghaddas Tafreshi and Norouzi (2012) conducted a series of laboratory tests to investigate the feasibility of using rubber shreds, randomly distributed into the soil, as soil reinforcement beneath the footing. They reported that the rubber content, the thickness of rubber-reinforced soil layer and the soil cap thickness all exhibited optimum values. Too large a value of any of these parameters would cause the bearing capacity to decrease from its maximum.
Although researchers have studied the performance of single-geocell reinforcement on the behaviour of footings (e.g., Sireesh et al. 2009; Dawson 2010a, 2010b; Boushehrian et al. 2011 ) and the potential use of rubber on soil reinforcement (Hataf and Rahimi 2005; Moghaddas Tafreshi and Norouzi 2012) , there remains the potential for combining these techniques to further improve bearing capacity and to decrease the settlement of footings supported by multilayer geocell and layers of rubber-soil mixture. The economic evaluation of a multilayered geocell and a complex rubber-soil mixture together with multilayered geocell would be an essential consideration for any practical project; however, space does not allow this aspect to be investigated here. Nevertheless, in Europe at least, the ban on landfilling of old tyres makes economic sense, in principle, of beneficial reuse of rubber. Furthermore, the evident benefit from using multiple geotextile or geogrid layers (e.g. Sireesh 2004, 2005) suggests that the use of multiple geocell layers could be beneficial. Consequently, this paper seeks to address the use of multiple geocell layers with and without rubber-soil combinations.
OBJECTIVES
The literature review clearly indicates that, despite researches on the beneficial use of a single geocell reinforcement layer in improving the footing performance, the behaviour of footings supported by multilayered geocell inclusions has not previously been studied at large scale. An additional possible improvement to the performance of footings might come from using both multilayered geocell reinforcement and rubber-soil mixture layers -a combination for which there is no direct experience. Thus a total of 27 independent static plate load tests (plus 15 repeated tests) of a footing supported on unreinforced sand and reinforced sand with geocell and rubber were performed in a test pit measuring 2000 mm 3 2000 mm in plan and 700 mm deep using a 300 mm diameter rigid steel plate. Because the dimensions of the test pit were about seven times the diameter of the footing, the boundary effect on the test results may be considered insignificant. Also, at the end of tests, it was observed that the soil surface bulging around the footing model extended less than 1-1.5 times the footing diameter from the circumference of the footing model, indicating that the boundary effect of the pit walls on the test results was likely insignificant. Furthermore, the results presented later in this paper show the benefit of multilayer geocell reinforcement alone, and in combination with rubber-soil mixture layers in small settlement ratios and, hence, significant stress changes and associated strains will likely be local to the footing.
The overall goal was to investigate the response of such footings, particularly to demonstrate the benefits of introducing the multilayered geocell and of the combination of geocell reinforcement and rubber reinforcement beneath the footing, and to determine the parameters controlling best usage such as the depth of the first layer of geocell, the vertical spacing between successive layers of geocell and the rubber content. The specific aims were to investigate
• the optimal depth of the first layer of geocell reinforcement beneath the plate load (6.1.1) • the optimal vertical spacing between successive layers of geocell (6.1.2), • the effects of the number of geocell layers on loadsettlement behaviour of bed (6.1.3) • the effects of the geocell layers on the stress profile with depth (6.1.4) • the optimum value of rubber content in the rubberreinforced layers (6.2.1) • the effects of the rubber-soil mixture layers, in addition to those of the geocell layers, on loadsettlement behaviour of bed (6.2.2) • the effects of the rubber-soil mixture layers, in addition to those of the geocell layers, on the stress profile (6.2.3) (numbers in parentheses indicate the relevant Results subsection)
TEST MATERIALS

Soils
The tests were performed in a outdoor test pit, dug in natural ground to provide realistic conditions. The natural ground soil, at the bottom and four side walls of the test pit, has a maximum particle size of about 20 mm and with a specific gravity, G s , of 2.62. The grain size distribution of this soil is shown in Figure 1a according to ASTM D422. The wet density and the natural moisture content of this soil were measured as 17.9 kN/m 3 and 9%, respectively. According to the soil properties, this soil is classified as SP in the Unified Soil Classification System (ASTM D2487).
Granular soil passing through the 38 mm sieve with a specific gravity of 2.68 (G s ¼ 2.68) was used as backfill soil in the testing programme. The grading of this soil is presented graphically in Figure 1a (ASTM D422). The properties of the soil are given in Table 1 . According to the Unified Soil Classification System (ASTM D2487), the soil is classified as well graded sand with letter symbol 'SW'. This type of soil was sourced from a local quarry and satisfies the criteria and limitations recommended in ASTM D2940. This soil was always used alone to fill the geocell. It was also placed between the geocell layers, sometimes combined with rubber as described below. Eight modified Proctor compaction tests were performed on the soil at different moisture contents, following ASTM D1557-12, to obtain the compaction curve as shown in Figure 1b . The maximum dry density was about 20.62 kN/m 3 , which corresponds to an optimum moisture content of 5.7%.
Geocell reinforcement
The geocell used in the current study was fabricated from nonwoven geotextile comprising continuous polypropylene filaments, thermo-welded (or glued) to form a perforated 'honeycomb' arrangement. This type of geocell reinforcement, when filled with soil or other mineral material, provides confinement chambers due to the frictional and passive resistance developed at the soil-geocell interfaces. It prevents the lateral displacement of infill, thus increasing the bearing pressure and hindering the subsidence of foundation beds.
The geocell used in the tests had pocket size 110 mm 3 110 mm and height 100 mm. The ratios of the geocell pocket size (d ¼ 110 mm) to the diameter of the loading plate (D ¼ 300 mm) and the height of geocell (h g ¼ 100 mm) were kept constant in the testing programme. However, the d/D ratio adopted is not the optimum value and a change in d/D might give different results. The effect of the value of d/D will be investigated in future studies. Figure 2 shows a photograph of the geocell spread over the soil/rubber-soil layer. The engineering properties of this geotextile, as listed by the manufacturer, are presented in Table 2 .
Rubber
The performance of granulated rubber, when mixed with soil, in increasing the shear strength and in modifying the reinforcement and damping effects of the mixture has been reported by several researchers (e.g., Masad et al. 1995; Feng and Sutter 2000) . When tyre rubber is granulated, a variety of grain sizes is produced. Hsieh and Mao (2005) reported when the load plate diameter is larger than 15 times the D 50 of the test materials, no marked influence of plate size on pressure-settlement should be expected. Different ranges of particle size of rubber may be used in combination with soil, but to meet the criterion used by Hsieh and Mao (2005) , only one range of rubber size was used. Granulated tyre rubber particles with a specific gravity, G s , of 1.17, smallest particle size, D 0 , of 2 mm, mean particle size, D 50 , of 14 mm and largest particle size, D 100 , of 25 mm were used in the tests. The rubber particles were clean and free of any steel and cord. Figure 1 and Figure  3 show, respectively, the grading and a photograph of the granulated rubber used in the tests. The combined soil and rubber mixtures were used to form the material placed between many of the layers of geocell, as explained in Section 5. The backfill soil and the rubber were carefully blended using a mixer; the rubber was mixed by weight. To control the tests conditions in this study, special care was taken to mix the rubber and the soil thoroughly in order to produce a reasonably uniform, non-segregated, rubber-soil mixture. Admittedly, the such uniform mixture of soil and rubber might not be easily produced in the field in regular practice. The consistency and close match between bearing capacity results of the two or three trial tests (see Section 5) demonstrates that the use of a mixer and the mixing procedure delivers a consistent mixture without causing damage to the rubber that would affect performance.
EXPERIMENTAL PROGRAMME
Tests set-up
To investigate the bearing capacity and the settlement of shallow footings supported by layers of geocell and by layers of rubber-soil mixture, an experimental programme was conducted using a standard plate load. All plate load tests were conducted in an outdoor test pit. The test pit, measuring 2000 mm 3 2000 mm in plan, and 700 mm deep, was excavated in natural ground to construct the geocell layers and rubber-soil mixture layers and to install the pressure cell. The four sides of the test pit were only approximately vertical due to the characteristics of the natural ground (see Section 3.1).
The load application system was a hand-operated hydraulic jack, supported against a strong reaction beam spanning the width of the test pit, with the capability of applying a stepwise controlled load up to 50 kN. The steel rigid circular plate, 300 mm in diameter and 25.4 mm thick, was placed on the surface at the centre of the installation. The diameter and thickness of the loading plate were selected according to the standard ASTM D1196/D1196M. This standard indicates that a circular steel plate should be used not less than 25.4 mm thick and with a diameter between 150 and 750 mm. The static load was applied on the model footing monotonically at a rate of 1.5 kPa per second until the value of 1400 kPa was reached or until backfill failure. In the absence of a clearcut failure, the footing was loaded to reach a footing settlement value of 75 mm (s/D ¼ 25%).
To measure the settlement of the plate, throughout the tests, three linear dial gauges with an accuracy of 0.01% of full range (100 mm) were attached to a reference beam and their tips were placed about 10 mm inwards from the edge of the plate (Figure 4a ). Also, to measure the vertical stress inside the foundation bed, it was instrumented with three soil pressure cells (SPCs: 50 mm diameter with an accuracy of 0.01% of full range of 1000 kPa). The top soil pressure cell (TSPC), middle soil pressure cell (MSPC) Combined multilayered geocell and rubber-reinforced foundationand bottom soil pressure cell (BSPC) were located at respectively 190 mm, 350 mm and 510 mm beneath the centre of the loading plate for both unreinforced and reinforced tests. A photograph of the test installation prior to loading, including reaction beam, load plate, hydraulic jack and three dial gauges is shown in Figure 4a . Figure  4b shows a photograph of the test pit, the pressure cell and its installation at a depth of 350 mm. The schematic cross-section of the test set-up of the foundation bed containing geocell reinforcement layers, rubber-soil mixture layers, the footing model, the geometry of the test configurations and the location of three soil pressure cells, is shown in Figure 5 .
To ensure an accurate reading, all of the devices were calibrated prior to each test series. Since the pressure cells are located at the middle of the soil layers or at the middle of the rubber-soil mixture layers (see Figure 5) , to obtain calibrations of the pressure cells a cylindrical container 300 mm in diameter and 200 mm high made of very soft textile was filled with the soil/rubber-soil mixture (to simulate the test conditions) and each cell was placed, in turn, in the middle. Thereafter, by placing the container in a compression machine, the cells were calibrated for different levels of applied pressure.
Backfill compaction
In order to compact the layers of foundation bed including the unreinforced soil, geocell-reinforced layers and rubber-reinforced layers, a walk-behind vibrating plate compactor, 450 mm wide, was used ( Figure 4b ). In all the tests the compactor passed over the backfill at ten levels, these being 0, 60, 160, 220, 320, 380, 480, 540, 640 and 700 mm from the level of the base of the loading plate. To achieve the required density of soil that filled the geocell pockets (see Table 3 ), more passes of the compactor were needed than for the unreinforced layer. The unreinforced layers, geocell-reinforced layers and rubber-soil mixture layers were compacted with respectively two, three and three passes of compactor, so that the compactive effort, and consequently the compaction energy, was the same for all passes of the compactor. The depth of influence of the compactor is reported by the manufacturer to be between 50-100 mm, so multiple passes of compaction for the bottom layers due to the compaction of top layer would not be expected. To provide a better assessment of the compaction of the layers, in some installations and after layer compaction, three sand cone tests in accordance with ASTM D1556-07 were conducted to measure the densities of compacted soil layers and rubber-soil mixture layers and the density of the soil filled into the geocell pockets. The densities measured revealed a close match between density values of the three cone tests with maximum differences in results of around 1-1.5%. This difference seems to be small for geotechnical applications. Table 3 shows the average measured dry densities of unreinforced soil, the soil filled in geocell pockets and the rubber-soil mixture after compaction of each layer. Note the reduction in density as a consequence of the partial replacement of mineral by the less dense rubber particles and of the differing void ratios. It should be noted that the different layers of materials used were compacted at an optimum moisture content of 5.7%, but the average measured (recovered) moisture content of the layers was between 5.2% and 5.7%. To prevent loss of moisture from the backfill during the load test, the exposed backfill was covered to a distance of 1.8 m from the circumference of the bearing plate with waterproof paper. Also, the moisture content of the backfill soil was controlled before and after testing to keep the moisture content constant during the test. Likewise, because of possible crushing of soil particles under the loading, after each test the mass of soil placed beneath and around the footing model (at a distance of 1.5 times the footing diameter) was discarded.
Then the rest of soil in the backfill was emptied out of the pit and mixed with additional new soil to become the backfill of the next test.
TEST PROGRAMME
The geometry of the test configurations for both the multilayered geocell and the combined use of geocell reinforcement layers and rubber-soil mixtures reinforcement layers considered in these investigations is shown in Figure 5 . In addition, Table 4 gives details of all the test series done in this study. In the case of the geocell reinforced bed, three series of tests (test series 2, 3 and 4) were conducted by varying the number of geocell layers (N g ), the depth of the first layer of geocell reinforcement beneath the footing (u), and the vertical spacing of the geocell layers (h/D). The optimum value of rubber content in rubber-soil mixture layer is the subject of test series 5. The rubber content in the rubber-soil mixture was examined at 2%, 4%, 6%, 8%, 10%, 12%, 14%, and 16% by weight of the mixture matrix. When the geocell reinforcement and rubber-soil mixture reinforcement layers were combined (test series 6) equal numbers of layers of each type (i.e.
were used, where N rs is the number of rubber-soil layers. The width of the both geocell and rubber-soil mixture layers (b) and the depth to the top of the first geocell layer below the footing (u) are expressed in non-dimensional form with respect to footing diameter (D) as, b/D and u/D. According to the findings of Moghaddas Dawson (2010a, 2012 ) the two parameters of b/D were held constant in all the tests at b/D ¼ 5. The variable parameter, h, is used to describe the vertical spacing between the bottom of the previous layer of geocell and the top of the next layer. It is expressed in non-dimensional form with respect to footing diameter (D) as h/D, whereas the height of geocell layers (h g ) is expressed in dimensional form equal to 100 mm and the height of the rubber-soil mixture layers (h rs ) is considered equal to h (the vertical spacing between the bottom of the previous layer of geocell and the top of the next layer).
In order to assess the utility of the apparatus, the accuracy of the measurements, the repeatability of the system and the reliability of the results and finally to verify the consistency of the test data, many of the tests described in Table 4 were repeated at least twice. The results obtained revealed a close match between results of the two or three trial tests with maximum differences in results of around 8-10%. This difference was considered to be small and is subsequently neglected. The consistency of the results demonstrates that the procedure and technique adopted can produce repeatable tests within the bounds that may be expected from geotechnical testing apparatus. It should be noted that after each plate load test, including the repeat tests, all the backfill from the test pit was removed and installed again by the procedure described in Section 4.2.
RESULTS AND DISCUSSION
The results of the tests are presented along with a discussion highlighting the effects of the different parameters. The performance improvement of the footing is represented here by variations in the bearing pressure and settlement of the footings. .25 could be due to the surface soil layer, above the geocell reinforcement, acting as a cushion, preventing the direct contact of the footing base with the cell walls and distributing the footing pressure more uniformly over the cellular geocell. The other probable reason that these u/D values are optimal is that at smaller cover thicknesses, the soil mass above the geocell reinforcing layer provides insufficient overburden to generate the required friction resistance at the interface between the geocell layer and the soil. Insufficient confining pressure on the top geocell layer beyond the footing edges is also possible at low depth ratio values. Similar findings for footings have been reported by Sitharam and Sireesh (2005) and Moghaddas Dawson (2010a, 2012) . As the value of u/D increases beyond 0.2-0.25, the top geocell layer moves to be out of the zone where it can most successfully interrupt the applied stress field and the bearing pressure decreases. Finally, with increase in u/D ratio to about 1, the reinforcement layer lies almost entirely outside of the failure zone under the footing, the influence of reinforcement thus becomes completely negligible, and the behaviour approaches to that of an unreinforced foundation bed.
Reinforcing behaviour is caused by depression of the geocell layer ( geocell-reinforced sand, suggested that, to provide maximum benefit, the top of the geocell mattress should be at a depth of 0.1 times the footing from the bottom of the footing. The results of a model test reported by Sitharam et al. (2007) show that, in the case of circular footing with a diameter of 150 mm on a geocell-reinforced soft clay bed, when the geocell mattress is placed immediately below the footing base without any overlying soft-soil cushion (u/D ¼ 0), better performance is achieved. It should be noted that the optimum location of the upper layer of reinforcement (u/D) could be different in a multilayer reinforcement system. Abu-Farsakh et al.
(2007) conducted a finite-element parametric study of geogrid-reinforced silty clay soil beds that showed that, although the dependence of the bearing capacity on the depth ratio (u/D) is similar in single-layer, two-layer and three-layer reinforcement systems, the u/D value tends to decrease slightly as the number of reinforcement layers increases. They reported that the optimal value of u/D varies from 0.4 in a system with one reinforcement layer to 0.3 in a system with three reinforcement layers. Likewise, the optimum u/D value might be a function of footing size, the height of geocell layers, the geocell pocket size, and type of soil. The difference in optimum u/D value, reported by researchers (e.g., Dash et al. 2001; Sitharam et al. 2007; Yoon et al. 2008 ; Moghaddas Tafreshi and Dawson 2010a) may be attributed to the difference in the type of soil, the particle size of soil, the footing size, and the geocell pocket size. However, in the present study, in all the subsequent plate load tests the geocell reinforcement was maintained at u/D ¼ 0.2. 6.1.2. Determination of the optimum value of the h/D ratio The variation of bearing pressure of footings on geocell reinforced beds with h/D for two layers of geocell (N g ¼ 2), at different values of settlement (s/D ¼ 2%, 4%, 6%, 8%, 10%, 12%) is depicted in Figure 7 . From this figure, it can be seen that with an increase in h/D ratio, regardless of the settlement ratio, the value of bearing pressure increased with increase in h/D to approximately 0.2. Then, with further increase in h/D ratio to 0.25 and 0.5, the value of bearing pressure decreased. The slight increase in bearing pressure with h/D of 0.2 compared with h/D of 0.1 could be attributed to the behaviour of the competent soil layer between the first and the second geocell layers, which may be due to the effect of a soil 'cushion' spreading the load over a larger area of the second geocell layer. On the other hand, at small thicknesses (e.g. h/D of 0.1 in the tests carried out), it provides effective load spreading without deforming much laterally as it is confined by the geocell reinforcement above and below. However, if these reinforcements become too widely spaced, then the material between the geocell layers can be displaced, weakening the overall response. Yoon et al. (2008) in their studies on a circular plate with a diameter of 350 mm resting on sand reinforced with multiple layers of their Tirecell, reported that the effective placement of Tirecell reinforcement was best at a vertical spacing of reinforcement layers of 0.2 times the plate diameter. It is of interest to note that, despite the differences between the present study and the studies of Yoon et al. (2008) in the footing size, the soil properties, type of 3D reinforcement, and the geometric dimensions of the reinforcement, the optimum values of u/D and h/D from the present study are consistent with those reported by Yoon et al. (2008) .
In addition, it can be seen from Figure 7 that the effect of geocell reinforcement spacing was more significant at higher footing settlement levels, whereas for footing settlements below 2-4% of footing diameter, the improvement in bearing pressure did not varied much with the variation in reinforcement spacing.
Likewise, Figure 7 shows a decrease in value of bearing pressure, at all settlement levels, with increasing h/D beyond its optimum value (h/D ¼ 0.2). It would be expected that, when the value of h reached a thickness of 0.8-1 times the footing diameter, the bottom reinforcement layer would then be, approximately, outside the failure zone beneath the footing, so that its influence on footing behaviour would become negligible and the behaviour of a reinforced bed system with two layers of geocell would tend to that of a reinforced bed system supported by one layer of geocell. The results of experimental studies conducted by Chen (2007) and Abu-Farsakh et al. (2008) indicated that the vertical spacing of reinforcement layers needed to be less than 0.5 times the footing width to prevent failure between reinforcement layers from occurring.
Hence, in the present study and in order to investigate the effect of multilayered geocell and to investigate the effect of rubber-soil mixture layers between geocell layers on the behaviour of footing, the h/D ratio was subsequently maintained at the optimum value of 0.2. The optimum vertical spacing of geocell reinforcement layers beneath the footing, for three and four layers of reinforcement, might be a little different, but the investigation of this will the subject of future studies. Figure 8a , it may be clearly observed that, as the number of geocell layers increased (i.e. with the increase in the depth of the reinforced zone), both stiffness and bearing pressure at a specified settlement increase substantially. Likewise, at a given bearing pressure, the value of the settlement decreased as the number of geocell layers increased. This figure shows that no clear bearing capacity failure point was evident, even at a settlement level of 20-25%, regardless of the mass of geocell in the foundation bed. Beyond a certain footing settlement level -that is, at s/D around 2-4%, depending on the mass of reinforcement beneath the footing base -there was an increase in the slope of the settlement-pressure curves. This may be attributed to local foundation breakage in the region under and around the footing, because of high deformation induced by the large settlement under the footing. This would lead to a reduction in the load-carrying capacity of the footing as indicated by the softening in the slope of the pressure-settlement responses. Beyond this stage, the slope of the curves remained almost constant with the footing bearing pressure continuously increasing, suggesting that this mode of damage developed progressively.
In order to have a direct comparison of the results for the unreinforced and multilayered geocell reinforced beds, the bearing pressure values corresponding to settlement ratios of 2%, 4%, 6%, 8%, 10%, and 12% were extracted from Figure 8a for different numbers of geocell layers. Figure 8b plots these data against the number of geocell layers (N g ). This range of settlement levels (less than 12%) was selected to reflect a range of practical interest. It can be seen that as the number of geocell layers increased, the bearing pressure increased steadily, regardless of the settlement ratio. For example, at settlement ratio of s/B ¼ 4%, the bearing capacity values were about 292, 427, 530, 642 and 688 kPa for unreinforced bed, and reinforced bed with one, two, three and four layers of geocell, respectively. Thus the increases in bearing pressure were about 46%, 82%, 120% and 135% for one, two, three and four layers of geocell reinforcement, respectively. A comparison with Figure 8a shows that this increased bearing pressure was a consequence of the increased stiffness consequent upon geocell reinforcement.
At low settlement ratios, s/D < 4%, the benefit of three reinforcing layers is evidenced by the higher gradient of the lines in the figure. For practical applications, small settlements are almost always needed and three reinforcing layers are associated with the greatest bearing pressure increase for the same settlement. Figure 8b also indicates that the benefits of reinforcement increase as the footing settlement increases. This performance could be attributed to the internal confinement provided by geocell reinforcement. The concept of confinement reinforcement, which may be called internal confinement, was explained by Yang (1974) . The confinement effect is dependent on the tensile strength of the reinforcement, the friction at the soil-reinforcement interface and the confining stress developed on the infilling soil inside the geocell pocket due to the passive resistance provided by the 3D structure of geocell (Sitharam and Sireesh 2005; Dawson 2010a, 2012) . Obviously, the reinforced system must exhibit some settlement, and consequently, strain (elongation) must develop in the reinforcement layers to affect the geocell modulus, tensile and frictional strength and the passive resistance offered by the geocell layers. Additionally, this comparison indicates that it is necessary to consider the footing settlement level while investigating the effects of reinforcement on the bearing pressure of reinforced sand. Bearing pressure (kPa)
Figure 8. Variation of bearing pressure with (a) the footing settlement for the unreinforced and geocell reinforced foundation beds with one, two, three and four layers of geocell, and (b) the number of geocell layers at different levels of settlement 6.1.4. The effect of the number of geocell layers on pressure distribution at depth in the foundation bed Figure 9 demonstrates the variation of measured stress with applied pressure, inside the foundation bed at three levels of 190 mm, 350 mm and 510 mm beneath the centre of the footing base (TSPC, MSPC and BSPC in Figure 5 and Figure 10 ), for both unreinforced bed and multilayered geocell-reinforced bed. The readings of the three pressure cells showed that the vertical pressure increased steadily with increase in the applied pressure on the footing, irrespective of the number of geocell layers. Also, the pressure measured by the top soil pressure cell (TSPC), may only be affected by the first layer of geocell (N g ¼ 1) . On the other hand, the presence of a second, third or fourth layer of geocell had no significant effect in reducing the pressure at the depth of 190 mm beneath the footing base (the point between first and second layers of geocell). Similarly, the pressures measured by the middle and bottom soil pressure cells (MSPC and BSPC) were affected, respectively, by the first two layers (N g ¼ 1, 2) and by the first three layers (N g ¼ 1, 2, 3). Thus, the stress at any depth is only affected by the construction above it and never by that below. As can seen in Figure 9c , with increase from one to three layers, the pressure transferred to a depth of 510 mm beneath the centre of footing base, as measured by the bottom soil pressure cell (BSPC), decreased considerably. For example, for a surface stress of 550 kPa, the value at 510 mm depth (BSPC) was about 145.4, 69.2, 50.5, 39.5 and 38.5 kPa for the unreinforced bed and the reinforced bed with one, two, three and four layers of geocell, respectively. The rate of reduction in soil pressure at this depth is seen to reduce with increase in the number of geocell layers (note that the fourth layer of geocell was located beneath the BSPC).
For comparison, the vertical stress for a soil that is semi-infinite, uniform and isotropic, according to Boussinesq's theorem (Boussinesq 1885) , is also shown in Figure  9 . Of course, there are many differences between Boussinesq's assumption of linear isotropic elasticity and the stress regimes in the experiments being described. However, if the Boussinesq values are treated as a reference index case against which to compare those experienced in the present study, the following are seen.
(a) The unreinforced response seems to be close to Boussinesq's prediction at very low applied stress (less than about 200 kPa) and low settlement ratio (less than about 2%). (b) There was significant lack of outward load distribution at higher applied load levels.
It can be concluded, therefore, that at higher applied stress the unreinforced foundation bed was experiencing localised failure, passing the applied stress deeper into the foundation than in the reference case.
(c) As reinforcing geocell layers were added, the effective load spreading achieved was clearly such that two or more geocell layers provided a betterthan-Boussinesq load spreading at 350 and 510 mm, Thus the data presented in Figures 9b and 9c indicate that multiple geocell layers were able to prevent deep localised failure at all the bearing stress levels applied.
Taking both the reinforcement and stress reduction results together, it appears that, when a vertical stress is applied to a single layer of geocell-reinforced system, the honeycomb structure of the geocell layer keeps the encapsulated soil from being displaced away from the applied load by confining the material under the hoop action of a cell, preventing the infill from spreading laterally, increasing the shear strength of the composite system, and thereby causing the confined composite to behave as a more rigid mattress (Koerner 2005; Hufenus et al. 2006; Zhou and Wen 2008; Zhang et al. 2010 ). This mechanism, sometimes known as the 'confinement effect', allows the geocell layer to act like a large mat that spreads the applied load over an extended area, instead of directly at the point of contact, and provides a composite slab with high flexural stiffness Dawson 2010a, 2010b; Thakur et al. 2012) , high modulus, and load support capabilities within the geocell reinforcement -consequently decreasing the distributed pressure at depth in the foundation bed. Pokharel et al. (2010) reported that the modulus improvement factor for geocellreinforced sand in a cell of circular shape varied from 1.5 to 2.0. Putting this another way, the geocell more rapidly attenuated the vertical applied stress in the soil perhaps because it was able to provide an anchorage effect on both sides of the loaded area, known as the 'vertical stress dispersion effect' (Zhou and Wen 2008; Zhang et al. 2010) . Likewise, when the depth of the footing settlement increased, the shape of the geocell reinforcement was deformed; consequently the geocell reinforcement could provide a further tension force due to membrane effect (Hufenus et al. 2006; Zhang et al. 2010) .
Comparison of the reinforced performance with the Boussinesq prediction shows that this ability to spread load was limited in the uppermost layer where there must be an abrupt transition from covering soil that was loaded to that which was unloaded. This can be expected to induce a significant local shear stress, which appeared to cause localised failure in the upper layer. However, for a multilayered geocell structure, the much more efficient load spreading deeper in the foundation meant that the soil between layers experienced much smaller vertical stress gradients -the vertical stress was lower and more uniform across the soil between the layers -so the shear stress was smaller and hence the soil between the layers experienced less outward squeezing and the possibility of localised failure at depth was removed.
By assuming conical spreading of pressure across the depth of foundation bed, the pressure at a specified level j due to applied pressure on the footing surface, or due to distributed pressure at level i, can be approximately evaluated as follows
where ó j is the distributed pressure at level j, ó i is the applied pressure on the footing surface (or the distributed pressure at level i above level j), D i is the diameter of the footing (or hypothetical diameter of the footing at level of i). The parameter z ij is the distance between level i and level j, and AE i is the pressure distribution angle in degrees. Figure 10 shows the pressure distribution angles of AE 1 , AE 2 and AE 3 due to provision of geocell layers. Note that the stress distribution angle for the unreinforced bed is defined as AE 0 :
The variations of stress distribution angle with applied pressure on the footing surface, at three depths of foundation bed, are shown in Figure 11 . For the unreinforced section, this figure shows a reduction in the uppermost pressure distribution angle of AE 0 with increase in the applied surface pressure (presumably, due to the deterioration of the foundation quality (Giroud and Han 2004a, 
Figure 11. Variation of stress distribution angles AE 0 , AE 1 , AE 2 and AE 3 (see Figure 10 ) with applied pressure on the footing surface due to provision of geocell reinforcement layers 2004b; Qian et al. 2011) ). The stress distribution angle continued to decrease until failure. In this case, the failure was observed via a punching shear at an applied pressure of about 400-500 kPa and the final stress distribution angle dropped to about 1-28, which indicates an approximately downward vertical movement of the soil mass directly beneath the loading plate. The figure also shows (a) that there is a somewhat similar reduction in the uppermost pressure distribution angle of AE 1 with increase in the applied surface pressure for the case of a reinforced bed with one layer of geocell, although always maintaining some load spreading ability (b) similar values of load distribution angle, AE 1 , for all installations -that is, the presence or absence of lower reinforcing layers makes little difference to the load spreading ability of the top reinforcing layer; similarly, AE 2 is little affected by the presence or absence of a third reinforcing layer (c) much greater load spreading ability in layers 2 and 3 (AE 2 and AE 3 AE 0 and AE 1 ) (d) little difference between the load spreading ability of layers 2 and layer 3 (AE 2 and AE 3 approximately ¼ 508).
The results confirm the improved load spreading model suggested earlier in the section and emphasise the reason why the lower layers of reinforcement still contribute significantly to the reinforcing ability and stress reduction capabilities even though they are beyond the zone of highest stress immediately adjacent to the footing.
6.2. The combined effect of geocell layers and rubber-soil mixture layers 6.2.1. Determination of the optimum value of rubber content To obtain the optimum value of the rubber content, test series 5 was performed. The tests were done for one layer of rubber-soil mixture, with different rubber contents, beneath the footing base (with no soil cap). The thickness of the mixture layer, h rs was selected to be same as the corresponding value of optimum u (see Figure 5 ): that is, 60 mm (see Figure 6 ). The variation of bearing pressure with rubber content at different values of settlement is depicted in Figure 12 . This figure reveals that the effect of rubber content in improving the footing bearing pressure was more significant at higher footing settlement levels than at lower footing settlement. At the lowest settlement ratio plotted, the benefit was slight at the lowest rubber content and did not increase with rubber content. This figure shows that the improvement in bearing pressure initially increased when rubber content increased from 0% to around 8%, but that thereafter the bearing pressure decreased with rubber content, regardless of the footing settlement ratio, s/D. For example, the bearing pressure obtained at settlement ratio s/B ¼ 6% was about 414 kPa, 498 kPa, 530 kPa, 506 kPa and 483 kPa for 0%, 4%, 8%, 12% and 16% rubber content, respectively. These values show that the bearing pressure increased about 20%, 28%, 22% and 16%, respectively for 4%, 8%, 12% and 16% rubber content compared with that of the unreinforced bed (i.e. with no rubber in the foundation bed). Thus, the results indicate that an optimum granulated-rubber content around 8% (R c ¼ 8%) delivers the maximum increase in the bearing pressure.
The performance improvement with rubber content of 8% could be due to the reinforcement effect of the rubber-soil mixture layer beneath the footing. The decrease in bearing capacity beyond the optimum content of rubber was not very clear, although the large proportion of rubber could then be expected to make the system response much softer (Prasad and Prasada Raju 2009; Edincliler et al. 2012; Moghaddas Tafreshi and Norouzi 2012) . However, it may be attributed to substitution of the soil grains with soft material, such as rubber, thus changing the behaviour of the mixture from a soil-like behaviour towards a rubber-like behaviour (with increase in settlement and reduction in bearing capacity) as the rubber content increased.
Accordingly, a like-for-like comparison of bearing stress on the basis of settlement may be to the disadvantage of the analysis of the installations with higher rubber content. Edil and Bosscher (1994) reported that depending on the packing and the rubber/soil mixing ratio, the compressibility of rubber-soil mixtures can be relatively high. In such conditions, the behaviour of the mixture changes from competent-composite material-like behaviour to rubber-like behaviour as the rubber content is increased. Hataf and Rahimi (2005) reported somewhat similar qualitative findings. They obtained an optimum rubber content to achieve a maximum improvement in ultimate bearing capacity, after which increasing the shredded rubber content led to a decrease in bearing capacity. Prasad and Prasada Raju (2009) and Norouzi (2012) reported the best performance of shredded rubber-reinforced layer in increasing the bearing capacity and in decreasing the settlement of footing with the addition of a shredded rubber content of 5% of the total volume of the rubber-soil mixture layer. Edincliler et al. (2012) investigated the effect of tyre crumb content on the shear strength of sand in a triaxial test under drained and undrained conditions. They reported that the shear strength parameters giving the maximum shear strength were obtained at a tyre content of 5% (by weight) and that the shear strength value decreased for tyre contents beyond 5%.
6.2.2. The effect of rubber-soil mixture with geocell layers on load-settlement behaviour of the foundation bed Figure 13a compares the bearing pressure-settlement behaviour of the unreinforced, geocell-reinforced and combination geocell-and rubber-reinforced beds. The tests on combinations of geocell layers and rubber-soil mixture layers were done for the same numbers of layers of two reinforcement systems (
and rubber content of 8% (R c ¼ 8%). From this figure, it can clearly be observed that replacing the unreinforced soil beneath the geocell reinforcement with a rubber reinforced layer caused both stiffness and bearing pressure (bearing pressure at a specified settlement) of the foundation bed to increase considerably and, at a given bearing pressure, the settlement decreases substantially compared with the response of the geocell-reinforced bed. To more clearly demonstrate the effect of granulated rubber reinforcement, the corresponding bearing pressure for given number of geocell layers (N g ¼ 1, 2, 3, 4) and number of geocell and rubber-soil mixture layers (N g ¼ N rs ¼ 1, 2, 3, 4) at different values of settlement is depicted in Figure 13b . The absence of some points in this figure (for example, the bearing pressure corresponding N g ¼ N rs ¼ 4 at settlement ratio of 8%) means that the pressure-settlement curve was not continued in Figure  13a . This figure indicates that the benefits of rubber-soil mixture layers increase as the footing settlement increases.
The performance improvement of the soil mixed with granulated rubber could be attributed to the strain development along the mixture layers, or it could be the result of the reinforcement effect of the rubber in the mixture. As can be seen in the case of the reinforced beds with both geocell and rubber, no clear failure point is evident in pressure-settlement behaviour. Another reason could be the ability of the rubber-soil mixture to distribute stress better at a micro-level, thereby helping to prevent local crushing of geocell walls -which appears to be the mechanism of failure in the geocell-only installations (as evidenced by the rather low, and reducing, AE 1 values in Figure 11 compared with those achievable (values of AE 2 and AE 3 ).
Furthermore, the results show that as the layers of rubber-soil mixture reinforcement add to the layers of geocell reinforcement, the bearing pressure increases regardless of the settlement ratio. For example, at settlement ratio of s/B ¼ 2%, the bearing capacity values are about 182, 419 and 549 kPa for the unreinforced bed, reinforced bed with three layers of geocell and reinforced bed with combination of three layers of geocell and three layers of rubber-soil mixture, respectively. These values imply that the percentage increases in bearing pressure are about 130% and 202% for three layers of geocell (N g ¼ 3) and the reinforced bed with combination of three layers of geocell and three layers of rubber-soil mixture (N g ¼ N rs ¼ 3), respectively. Clearly, whatever the precise mechanism, the combination of rubber and soil provides a significant reinforcement even at low settlement ratios. Bearing pressure (kPa) Figure 13 . Variation of bearing pressure (a) with footing settlement for the unreinforced, geocell-reinforced, and combination of geocell-and rubber-reinforced foundation beds, and (b) with the number of geocell layers (N g ) and the number of geocell and rubber-soil mixture layers (N g N rs ) at different levels of settlement 6.2.3. The effect of rubber-soil mixture with geocell layers on pressure distribution at depth in the foundation bed Figure 14 shows the variation with applied pressure of pressure measured inside the foundation bed at two levels of 190 mm, and 350 mm beneath the centre of the footing base (TSPC and MSPC in Figures 5 and 10) for the unreinforced, the geocell-reinforced and the combination foundation beds. This figure shows that further improvement in decreasing the distributed pressure across the depth of the foundation bed was provided by the addition of the granulated rubber-reinforced layers beneath the geocell-reinforced layers. For example, for the pressure of 550 kPa applied on the soil surface, the pressure distributed at the depth of 190 mm (TSPC) is about 514, 370, and 277 kPa for the three respective construction types (in the sequence above). Thus, the effect of the rubber allows beneficial stress redistribution in the presence of the geocell reinforcement. Likewise, Figure 14b shows that the soil pressure at a depth of 350 mm recorded by MSPC is reduced when using the rubber reinforcement layers in addition to geocell reinforcement layers. At this depth, for the pressure of 830 kPa applied on the soil surface, the distributed pressure was reduced by 15% for the combination of two geocell layers and two rubber-soil mixture layers (N g ¼ N rs ¼ 2) compared with two geocell layers only (N g ¼ 2) . Figure 15 (developed using the same approach as used for Figure 11 ) is presented to introduce a better comparison between the combination of geocell and rubber reinforcement and geocell-only reinforcement to show the effect of the rubber-soil mixture layer on the variation of the stress distribution angle. According to this figure, the rubber-soil mixture helps to maintain the pressure distribution angles AE 1 and AE 2 , although the effect is not large (it increases the angles of AE 1 and AE 2 by about 2-38 compared with geocell layers only). Therefore, the benefit in terms of bearing pressure must be, at least in part, due to other factors. Overall, the results illustrated in Figures 13-15 show a positive performance when rubber is added to the soil; these benefits depend on the content, size and type of rubber.
The results imply that the inclusion of rubber reinforcement layers not only leads to reduction in pressure distribution at the depth of the bed (i.e., increase in the bearing pressure and decrease in footing settlement) but also, in principle, delivers considerable increases in environmental and economic benefits from the reuse of old rubber.
SUMMARY AND CONCLUSION
A series of circular plate load tests were conducted to investigate the effects of geocell-reinforced layers and rubber-soil mixture layers as a foundation improvement Figure 15 . Variation of stress distribution angles AE 0 , AE 1 and AE 2 (see Figure 10 ) with applied pressure on footing surface due to provision of geocell reinforcement layers and rubber reinforcement layers technique and to assess the resulting bearing pressure and settlement of footings. Benefits were assessed in terms of increased bearing capacity, decreased settlement of footings and reduced pressure profile. From the results obtained, the following conclusions can be drawn.
•
The optimum embedded depth to the first layer of geocell and vertical spacing of geocell layers are approximately 0.2 times the footing diameter.
•
The optimum percentage of granulated waste tyre rubber is around 8% by weight of the mixture matrix.
With increase in the number of geocell layers and rubber-soil mixture layers, the bearing pressure of the foundation bed increases and the footing settlement decreases owing, in part, to better load spreading of the composite system. Combined geocell layers and rubber-soil mixture layers reinforce the foundation bed more, increase the loadcarrying capacity more and reduce the footing settlement more than do geocell layers alone. The bearing pressure values for the reinforced bed with three layers of geocell (N g ¼ 3) and for the reinforced bed with a combination of three layers of geocell and three layers of rubber-soil mixture (N g ¼ N rs ¼ 3), at a settlement ratio of s/B ¼ 2%, are about 2.3 and 3 times greater, respectively, than for the reference, unreinforced bed.
The enhancement of load-carrying capacity of the footing was reduced with increase in the number of geocell and rubber reinforcement layers. Performance improvement became almost insignificant beyond three geocell layers, particularly at low settlement ratios.
The inclusion of the geocell layers beneath the loading plate leads to significant reduction in the vertical stress transferred down through the foundation bed by distributing the load over a wider area. For the pressure of 550 kPa applied on the soil surface, the transferred pressure at the depth of 510 mm is about 48%, 34% and 27% for the reinforced bed with one, two and three layers of geocell, respectively, compared with the stress in the unreinforced bed.
Combination of geocell and rubber-soil mixture layers is more effective than use of only geocell layers in reducing the stress transferred at depth. At the depth of 350 mm beneath the soil surface, the stress transferred from the surface stress of 830 kPa is reduced by 15% when two geocell layers are combined with two rubber-soil mixture layers (N g ¼ N rs ¼ 2) compared with the use of two geocell layers only (N g ¼ 2) .
Generally, this study should provide encouragement for the application of multiple layers of geocell and multiple layers of geocell in combination with rubber-soil mixture layers (at optimum value of rubber content) for footing dimensions in field use. However, the tests results were obtained for only one type of soil, one type of geocell, one pocket size of the geocell, one type and size of rubber, and one size of footing diameter. Thus, specific applications using the quantitative results should only be made after considering these limitations. In studies on large-and small-scale tests of the behaviour of granular layers with geogrid reinforcement, Milligan et al. (1986) and Adams and Collin (1997) showed that the general mechanisms and behaviour observed in the small-scale tests could be reproduced at large scale. Thus, this study provides insight into the basic mechanism of a foundation bed protected by a combination of geocell reinforcement layers and rubber reinforcement layers, which may be used to guide further studies on full-scale tests, centrifugal model tests and numerical studies leading to an increased understanding of behaviour and to aid development of design guidance in the application of multilayered geocell reinforcement in combination with rubber reinforcement. Tests using different types and sizes of rubber, different pocket sizes and heights of geocell, different sizes and shapes of footing, and different types and sizes of soil should form the topics of future studies.
In summary, from a practical point of view, multiple geocell layers, each of a relatively low thickness and vertically spaced at their optimum distances, have been shown to be a practical and beneficial solution for producing fully reinforced soil beds when soil compaction is taken into account. e min minimum void ratio (dimensionless) G s specific gravity of soil (dimensionless) h vertical spacing of the geocell layers (m) h g height of geocell layers (m) h rs height of the rubber-soil mixture layers (m) N g number of geocell reinforcement layers (dimensionless) N rs number of rubber-soil mixture reinforcement layers (dimensionless) R c rubber content (dimensionless) s footing settlement (m) u embedded depth of the geocell (m) z ij distance between two levels i and j (m) AE 0 pressure distribution angle for unreinforced bed (degree) AE i pressure distribution angle at level i due to soil reinforcement (degree) ó i applied pressure on the footing surface or the distributed pressure at level i above level j (Pa) ó j distributed pressure at a level j (Pa) ö angle of frictional resistance of soil (degree)
ABBREVIATIONS
BSPC bottom soil pressure cell MSPC middle soil pressure cell RAP recycled asphalt pavement SPC soil pressure cell TSPC top soil pressure cell
